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New England Mountain Icing Climatology

CHARLES C. RYERSON

INTRODUCTION icing were usually located in southern and central
Quebec, with a secondary maximum about 640 km

Weather causing atmospheric icing on New east-northeast of Mount Washington (Boucher
England mountains has received little attention 1949). Ryerson (1987) found similar conditions on
since the early 1950s. U.S. Air Force, Harvard Mount Mansfield in Vermont. Boucher (1949) in-
University and Mount Washington Observatory dicated a need to study in more detail the effect of
studies have not been continued (Burhoe 1948, fronts on icing and to distinguish between types of
Whipple 1948, Boucher 1950). icing storms.

Mountain atmospheric icing occurs principally This study further addressed the climatology of
in two forms: glaze and rime. Glaze is produced atmospheric icing on Mount Mansfield in north-
when falling raindrops striking subfreezing sur- ern Vermont and Mount Washington, New Hamp-
faces form a nearly continuous, hard, usually shire, using a longer and more recent record of ic-
clear and homogeneous ice film. Droplets creating ing observations. The specific goals were
glaze usually fall through inversions, frequently * to analyze the frequencies, intensities,
within warm fronts, causing them to supercool. lengths, accretion amounts and return in-
Glaze is bubble-free because latent heat is liberat- tervals of icing events on two mountains
ed relatively slowly, producing ice densities ap- with different summit elevations;
proaching 0.9 g/cm3 (Bennett 1959, Minsk 1980, * to characterize in map form the synoptic
Stewart and King 1987). climatology of New England mountain ic-

Rime is more common in the mountains of New ing.
England and is not a result of precipitation but is
frequently associated with it (Boucher 1949). It
forms when supercooled cloud droplets carried by STUDY LOCA1ION AND PERIOD
the wind strike subfreezing objects, accreting hori-
zontally rather than vertically on the upwind sides Mount Mansfield (44030 'N, 72*45 'W) in the
of objects that are aerodynamically efficient col- Green Mountains of Vermont and Mount Wash-
lectors. Densities vary from 0.1 g/cm3 for soft ington (44'15 'N, 71015 'W) in the White Moun-
rime to about 0.8 g/cm' for hard rime. Soft rime tains of New Hampshire are located approxi-
results when freezing cloud droplets liberate latent mately 127 km apart (Fig. 1). With elevations of
heat rapidly, producing a pure white, delicate, 1339 and 1917 m, respectively, Mount Mansfield
feathery structure. Hard rime, liberating latent and Mount Washington are ideal mountain icing
heat more slowly, is also usually opaque and milky study sites for several reasons:
in appearance but with a less detailed and more * They have frequent icing events for at least
subdued feathery structure (Minsk 1980). three seasons.

Studies on Mount Washington in the 1940s o They have continuously manned summit
found icing most frequent in the late fall and early facilities for instrumentation.
spring, with a midwinter decline (Conrad 1948). o They have four years of concurrent icing
Maximum ice accumulations formed most often in records from the same model of ice detec-
early morning and least often in midafternoon. tor (Tucker and Howe 1984, Ryerson 1987).
Most icing on Mount Washington occurred in o They have daily weather records.
Continental Polar air, with frequent icing after * They are in similar meteorological environ-
cold fronts. Icing was most persistent in occluded ments. However, Mount Washington is in-
fronts (Whipple 1948). Cyclones associated with fluenced to a greater extent by oceanic
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Figure 1. Locations of Mount Mansfield and Mount
Washington,

moisture and by fall and early winter coast- sons from December 1982 through April 1986.
al storms. Mount Mansfield probably ex- Though a longer period would be preferable, a
periences a greater impact from late fall four-year record is acceptable for characterizing
and early winter moisture advected from mountaintop icing (Hoffer et al. 1981) (Fig. 2,
as-yet unfrozen Lake Champlain and the Table 1).
Great Lakes.

" They are situated in similar topographic en- Table 1. Mount Mansfield and Mount Washing-
vironments. Though Mount Washington is ton icing data collection record. Gaps of six hours
higher, both peaks are prominent at their or less are Ignored.
locations, are situated within north-south
trending ranges, and are relatively unpro- Beginning of icing End of icing
tected from prevailing weather (Burt 1960, Time Time
Hagerman 1971, Meeks 1986, Van Diver Date (GMT) Date (GMT)

1987). Mount Mansfield
" They are sufficiently different in elevation 10 December 82 1400 9 January 83 0300

at their peaks (578 m), where ice detectors 14 January 83 1200 25 February 83 0400
are located, yet similar synoptically for a 26 February 83 0100 6 April 83 0800
comparison of the effect of elevation on ic- 10 April 83 1800 8 May 83 1200

29 October 83 1800 22 May 84 2400
ing incidence and severity. 21 October 84 0100 21 December 84 1300

The study covers portions of four winter sea- 22 December 84 2000 18 February 85 0100
24 February 85 1900 20 May 85 2400

T:1:111:,,, '' 1,',, ' -.1 ,','[1 2 November 85 1700 26 April 86 0500
Al unslt~d 27 April 86 1500 26 May 86 1600

Mount Washington
Sh--- C= 6 March 82 0100 14 May 82 2400

23 January 83 0100 25 January 83 2100
,cm=lcew ,, ,,,Map 27 January 83 0700 8 February 83 2200

U J 1 Jj. U j
m

j l,,,,,al 'g17 February 83 0700 18 February 83 0900
1982 1983 1984 1985 1986 7 March 83 1400 8 March 83 2400

20 February 84 0100 29 May 84 2400
Figure 2. Icing and weather data corre- 27 December 84 0100 15 June 85 2400
spondence. 24 November 85 0100 9 May 86 2400
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quency drops until its reaches a factory-preset
value, 180-200 Hz below the rest frequency.* At
approximately 39,800 Hz a timer-controlled deic-
ing cycle begins, heating the probe and dome for
90 s. A 115-V AC deicing signal is concurrently
sent to antenna heater relays or, on Mount Mans-
field and Mount Washington, to a Rustrak strip-
chart event recorder.

S .. The mass of ice, and thus the thickness at a
given density, necessary to start a deicing cycle is
controlled largely by the difference between the
natural uniced probe frequency and the frequency
initiating the heating cycle. Subtle or catastrophic
changes in the control electronics or the mass or
stiffness of the probe with time can cause the fac-

q , tory calibration of the 871CBI detector to change.
A decrease in the frequency drop necessary to ini-

Figure 3. Rosemount Model 871CB1 ice detector tiate a deicing cycle should decrease the mass nec-

on Mount Washington. essary to start the heater.
Ice monitoring began on both mountains in De-

cember 1982 and continued until April 1986, with
breaks during summers and instrument failures.

DATA The ice detector on Mount Mansfield is owned
and operated by Vermont Educational Television

Ice detection (VTETV) and is mounted on a boom 1 m outside
The time and intensity of icing on Mount Mans- of the northwest corner of a microwave tower and

field and Mount Washington were detected with about 10 m above ground level (detector elevation
Model 871CBI Rosemount ice detectors. The 871 1235 m) (Ryerson 1987). The Mount Washington
CBI detector, replaced by the current Model 872 detector is owned by Mount Washington Observa-
B12, was designed to operate in intense radio fre- tory and is mounted atop the Observatory tower
quency environments for activating broadcast an- about 15 m above ground level (Tucker and Howe
tenna heaters at the onset of icing. The unit con- 1984) (Fig. 3). Both ice detectors were operated
sists of a 14.5-cm-long by 8.1-cm-wide by 6.4-cm- for several years before the recorders were con-
high stainless steel box topped by a 6.4-cm-diam- nected, but their calibration had not been checked
eter hemisphere. A 0.6-cm-diameter by 2.8-cm- because they were being used primarily for deicing
long nickel-plated ice-sensing probe protrudes antennas and anemometers-uses for which pre-
from the top of the dome and extends an equal cise calibration is not necessary. In addition, mon-
distance beneath the dome into the box (Rose- itoring was started on each mountain by different
mount Engineering Co. 1982)(Fig. 3). The ice- groups with no intention, at the time, of compar-
sensing probe operates on the principal of magnet- ing them. Therefore, calibration checks were con-
ostriction by lengthening and shortening axially at siderc'1 unnecessary.
40 kHz. The opposite ends of the probe exhibit the
largest motion, which cannot be felt, with the Ice detector calibration
node where no axial motion occurs located at the Concern was first raised about the calibration
point where the probe enters and is brazed to the of the two ice detectors when this study was begun
dome. by Ryerson (1987). Tucker and Howe (1984) com-

The 40-kHz natural ice-free frequency is a func- puted the accretion mass per deicing cycle of two
tion primarily of the stiffness and mass of the models of Rosemount ice detectors (including the
probe. Changes in the mass of the probe, or the 871CB1) on Mount Washington from liquid water
stiffness through accidental bending or cracking content and wind speed measured at the Mount
of the metal, will change its natural frequency. An Washington Observatory. Ryerson (1987) com-
increase in the mass of the probe decreases the nat-
ural frequency; a decrease in mass increases the
frequency. As ice accretes on the probe, the fre- Personal communication with W. Hershey. Rosemount Inc.
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puted the accreted mass per deicing cycle of the Chi-square statistics showed no significant
Mount Mansfield detector by comparing the mass change of the accretion mass per cycle over the en-
that accreted on an adjacent homemade ice collec- tire study period, and correlation regressions
tor with deicing cycles occurring in the same peri- showed no significant drift with time between fail-
od of time. There were no statistically significant ures. The mean accretion mass per deicing cycle
differences in the mass per deicing cycle responses was 0.06 g. The calibration remained nearly con-
of the Model 871CB1 Rosemount ice detectors on stant throughout the four years of record, with no
the two mountains. significant changes in response before or after fai,-

Mere recent concerns prompted additional cali- ure. This also suggests that failures were catas-
bration checks. The concerns included compara- trophic rather than gradual, and thus have an ir.-
bility of the instruments, drift of calibration with significant influence on icing rate measurements
time, and mass accreted per cycle. Drift was of over the study period. Similar direct checks could
particular concern because the Mount Mansfield not be made for the Mount Mansfield detector be-
detector did not fail over the entire period of rec- cause multicylii4der measurements are not made
ord, whereas the Mount Washington detector failed on that peak. Instead, indirect methods were used.
in March 1983 and at the end of the study in 1986 Ratios of Mount Washington to Mount Mans-
and was recalibrated at the factory at each repair. field deicing cycles per month were computed for

Four techniques were used to answer these con- 12 winter months spanning four years to deter-
cerns: mine if the two ice detectors had drifted together

" The mass accreted per deicing cycle for or apart with time. Since the Mount Washington
each period between failures of the Mount detector apparently did not change its calibration
Washington detector was computed, and significantly with time, the ratios of cycling on the
each period was checked for gradual or two peaks should not drift if the Mount Mansfield
catastrophic changes in calibration befo e detector did not drift. The ratios would become
failure. larger with time if the Mount Mansfield detector

" Ratios of the monthly sums of deicing cy- became less sensitive (deiced with a larger mass),
cles per mountain were computed to deter- and smaller if it became more sensitive (deiced
mine if the detector calibrations had drifted with a smaller mass). This ignores long-term drifts
together or apart with time. in weather conditions that could cause the detec-

" The ice-free and deicing frequencies of tors to respond differently. Mean ratios of deicing
each detector were measured. cycles per month were 11.8, with a -0.07 correla-

" The Mount Washington detector was oper- tion with time. Though the ratios decrease slightly
ated next to the Mount Mansfield detector with time, suggesting an increase in the sensitivity
on Mount Mansfield for over 200 hours of of the Mount Mansfield detector, the drift is not
icing. statistically significant. Although only 12 months

The mass accreted per deicing cycle of the were compared and there may have been long-
Mount Washington detector was computed using term weather changes, the calibration of the
independent measures of ice accretion on a rotat- Mount Mansfield detector has probably remained
ing multicylinder operated by the Observatory fairly constant over the four years of this study.
(Howell 1951, Howe 1982). The rotating multicyl- Ice-free and deicing frequencies of the two de-
inder consists of six cylinders ranging from 0.158 tectors were checked repeatedly with a frequency
to 7.140 cm in diameter. It measures cloud liquid counter connected to an inductive coil placed over
water content and median volume droplet size, the probes. The measurements indicate that the
and it does so with less than 10% error (Howell Mount Washington detector (rebuilt in March
1951). Cylinder number two on the multicylinder 1987) deices after a mean 164-Hz drop from the
has a diameter of 0.5 cm, similar to the 0.6-cm di- ice-free frequency, and the Mount Mansfield de-
ameter of the ice detector probe, especially after tector deices after a I l-Hz drop. The ideal fac-
ice has accreted on the cylinder, making their col- tory-calibrated drop is 180-200 Hz. This suggests
lection efficiencies similar. The mass accreted on that the Mount Mansfield detector deices with a
the ice detector probe was computed by dividing smaller mass of ice than the Mount Washington
the ice mass on cylinder two by the number of con- detector, producing more deicing cycles than the
current deicing cycles of the ice detector for 208 Mount Washington detector and exaggerating the
sets of measurements over the four-year period, amount of ice that accretes on Mount Mansfield.
Corrections were made for the different lengths of Finally, the Mount Washington ice detector was
cylinder two and the Rosemount probe. mounted adjacent to the detector on Mount Mans-
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field, and over 200 hours of icing records were re- during that hour. Therefore, the half cycle, like
trieved. During this period the NJiunt Mansfield the ice on the probe, persists until the next hour
detector cycled about 2.3 times for every Mount and is added to th,. following hour. If an event
Washington detector deicing cycle. Though the ends with a half cycle, that half cycle is dropped,
ratio between the two detectors varied considera- because there is insufficient ice to initiate anott-,
bly over the 200 hours, it suggests that the Mount deicing cycle. This proc'ss shortens events to the
Mansfield detector cycles with ,bout half the mass length that would be measured b, the Mount
necessary to cycle the Mount Washington detec- Washington detector.
tor. As with the frequency drop measurements, All unmodified Mount Mansfield deicing cycles
these results show that the Mount Mansfield de- are referred to throughout the analyses in this
tector may make Mount Mansfield appear to be paper as the original calibration. All Mount Mans-
more similar to Mount Washington than it should, field ice detector cycles modified to reflect the
and it may exaggerate the amount of ice appearing possible calibration changes are referred to as re-
to accrete on Mount Mansfield. calibrated. All comparisons are made with Mount

Though some of these calibration checks are in- Washington using both the original calibration
direct, they show that the Mount Mansfield detec- and the recalibrated data.
tor does not respond identically to the Mount
Washington detector in the same conditions. This Additiwil ice detector concerns
contradicts the earlier calibration checks by Ryer- In addition to calibration questions, the manner
son (1987) and Tucker and Howe (1984). The sta- of operating the detectors causes problems. Fhe
tistical analyses also suggest that the calibration Mount Mansfield ice detector operated continu-
disagreement may have remained fairly constant ously without a break, except for occasional chart
with time. recorder failures, for each winter of the four years

As a result of these uncertainties the two moun- of the study. However, the Mount Washington ice
tains are compaied in this study in two ways using detector was not operated when Observatory per-
two assumptions: 1) that the detectors are identi- sonnel judged that no icing was occurring, so data
cal and 2) that the Mount Mansfield detector is for these periods could have been inferred as miss-
twice as sensitive as the Mount Washington detec- ing. When icing was observed, the recorder was
tor. A 2.0:1 ratio is used instead of 2.3:1 to pro- turned on, left on for the event duration, and then
vide recalibrated values for the Mount Mansfield turned off.* Observers may have missed the begin-
detector. The 2.3:1 ratio is probably an extreme ning of some icing events, or perhaps entire minor
that resulted from comparing the recently factory- events, because they were busy with other duties
rebuilt Mount Washington detector with the or could not see icing begin bec;use of darkness.
Mount Mansfield detector and may not be rcpre- During data transcription from the recorder
sentative 3f the entire four-year record, especially charts, periods between icing events when the ice
if they have drifted apart over the study period, detector was turned off were inferred as ice-free as

In addition to exaggerating icing rates and ice judged by the Observatc-y personnel. Therefore,
accretion amounts, the over-sensitive Mount the data for the recorder off periods were not con-
Mansfield detector also exaggerates icing event sidered missing because of the abilitv and reliabili-
lengths, particularly when the event begins or ends ty of the Observatory cre\, ,'t v for the summer
gradually. Having a lower deicing cycle threshold, and for periods when the dc.., _or was removed
th, Mount Mansfield detector indicates icing for repairs were the data treated as missing.
sooner than the Mount Washington detector as Two additionai problems contaminate the
the icing intensity increases at the beginning of an Mount Washington ice record. Telcvision and
event. A similar process occurs at the end of radio transmission antennas on the mountaintop
events and within short lulls during events. To ad- create a high-power radio-frequency (RF) environ-
dress this problem, Mount Mansfield ice detector ment. Though shielded against interference, the
events were shortened mathematically. As a result Rosemount can respond erratically when RF sig-
of dividing the Mt. Mansfield leicing cycles per nals penetrate its shielding. The resulting high-
hour by two to correct the calibration, half cycles frequency signal, readily apparent on the charts,
were created when the original number of cycles
per hour was odd. Half cycles represent ice accret-
ed on the probe but not in sufficient quantity to Personal communication with J. Howe, Mount Wishington

start a new cycle on a properly calibrated detector Observatory.
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Figure 4. Ice detector deicing cycle problems on recorder chart.

occurred during 0.87o ot the record period and sity, accretes on the probe. As a result, Rose-
2.07o of the icing hours (Fig. 4a). mount deicing cycles may serve as measures of ice

The second problem involves the 90-s deicing accretion on objects with similar exposure and col-
cycle of the Rosemount Model 871CBI ice detec- lection efficiency. However, measured deicing cy-
tor. Because of the constant 90-s heating period, cles cannot represent ice accretion amounts or ic-
fewer than 40 discrete deicing cycles can occur per ing rates without accounting for the time when the
hour when the detector is operating at its maxi- ice detector probe is deicing and not accreting ice.
mum rate. Higher icing rates and extreme cold and This is because the actual icing rate is the product
high winds apparently can cause deicing cycles to of the probe-swept area, the collection efficiency,
overlap because all of the ice cannot melt from the the wind speed and the cloud supercooled liquid
probe, causing detector saturation (Tucker and water content. As the deicing cycle rate increases,
Howe 1984). the portion of time remaining for ice accretion on

These overlapped deicing cycles do not record the unheated probe between deicing cycles de-
as discrete cycles, but as bars wider than one 90-s creases. Therefore, the actual rate of icing, and
cycle. The wide bars occurred during 3.50o of the the amount of ice accreted over time, is not linear-
record period and 9.4076 of the icing hours (Fig. ly proportional to the measured deicing cycles.
4b). Extremely high winds and low temperatures This is not a serious problem at low icing rates be-
may not allow all the ice to melt from the probe cause deicing consumes only a small portion of
and the dome, leaving a bead of water between the each icing hour. However, at high icing rates, a
remaining ice and the probe. When the heater larger portion of each hour may be consumed for
stops, the water refreezes and prematurely initi- deicing than for icing.
ates another deicing cycle. Because of the extreme A method for converting measured deicing cy-
conditions that cause this phenomenon and the lo- cles to icing amounts and rates actually experi-
cation of the ice detectors, observers cannot regu- enced by the environment follows:
larly and safely watch the premature deicing. If it
did occur, it represents error that cannot be detect- PC = MC x 11.0 + (MC/(40.0-MC)] (I)
ed in the data.

Each data problem was transcribed differently where PC is the proportional deicing cycles per
from tile strip charts. Periods of RF interference hour, and MC is the measured deicing cycles per
were removed from the record, and wide bars were hour. Since the deicing cycle is factory-set to a
counted as equivalent to the rates occurring before constant 90-s length (as also measured on the
and after the bar. These problems were not as ap- Mount Mansfield and Mount Washington detec-
parent at Mount Mansfield, probably because ic- tors), a theoretical maximum of 40 cycles can oc-
ing is less severe there. cur per hour with infinitely short accretion periods

Finally, in addition to these problems, the de- between deicing cycles. Equation I considers that
tectors can occasionally be bridged over with snow portion of each iour devoted to deicing and com-
or rime, completely enveloping the instrument in a putes a proportional cycling rate for a probe with
hollow cocoon and preventing it from detecting an instantaneous, infinitely short deicing cycle
ice. When observed, these periods were removed that does not subtract from the probe accretion
from the record. time. The equation assumes that the probe beats,

deices, and cools instantly to the ambient air tem-
Computation of icing rates from deicing cycles perature and provides the maximum icing rate that

The Rosemount ice detector deices when a spe- could occur on a bare ice detector probe. It as-
cific mass of ice, and thus thickness at a given den- sumes that ice accretes on the probe during deicing
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cycles at the same rate that it accretes between de- Analysis of hourly icing
icing cycles. Except for rate variations within each The two mountains have considerably different
hour, this is more proportional to and represen- hourly icing conditions (Table 2). Two situations
tative of the true accretion rate experienced in the are analyzed statistically: all hours of record in-
environment on objects with similar collection ef- cluding periods when no icing is occurring, and
ficiencies. only those hours when icing is occurring.

Proportional hourly deicing cycles of the Mount During the period of coincident records, icing
Washington data and the original and recalibrated occurred during 39%0 of all hours on Mount
Mount Mansfield data are used in all comparisons Washington and during 13-17% of all hours on
of icing on the two peaks. The product of PC and Mount Mansfield. By comparison, Burhoe (1948)
the ice mass necessary to trigger the deicing cycle recorded ice during 28% of all hours on Mount
provides the potential mass accretion on the probe Washington from January 1945 through January
over time. 1947, excluding June through October of all years

and November of 1946.
Synoptic weather data Table 2 shows that on any given hour, Mount

Synoptic data-highs, lows and fronts-were Washington mean icing rates are about 26-53
traced from microfilmed North American Surface times more intense than Mount Mansfield rates.
Charts from the National Climate Data Center, During icing, however, mean accretion rates are
Asheville, North Carolina (NOAA 1982-1986). about 11-20 times greater on Mount Washington.
North American Surface Charts are available for Mount Mansfield is dominated by low-intensity
the entire study period for every three hours. events. Mount Washington experiences a far

broader range of hourly icing intensities (Fig. 5).
Correlations of the 9868 coincident hours of data

CLIMATOLOGICAL ANALYSIS from the two mountains may suggest whether sim-
OF MOUNTAIN ICING ilar mechanisms are causing icing on each. A high

correlation may suggest that regional synoptic
All analyses are based on the Rosemount icing events, rather than orographic effects alone, are

records. Since the records do not cover the entire causing icing at the same time on both peaks. A
icing season on either mountain, they are not rep- low correlation might suggest different causes or
resentative of the entire icing season. Also, since may result only from the smaller frequency of ic-
the icing records of both mountains do not coin- ing events on Mount Mansfield.
cide exactly, only coincident records are used for The correlation of all icing intensities for the
comparison. Of 18,055 hours of records on Mount two mountains was only 0.25, significant at 0.000
Mansfield and 12,368 hours on Mount Washing- probability. Correlations of high icing intensities
ton, 9,868 hours, or 5507o and 8007o of the icing alone were even lower. This may be due to timing
records, respectively, coincide, when narrow, cold-front-generated disturbances

Table 2. Hourly icing on both mountains for same hours of record in
proportional Rosemount deicing cycles per hour.

Mt. Mansfield
Mt. Washington Original calibration Recalibrated

All hr. Icing hr. All hr. Icing hr. A!1 hr. Icing hr.

Maximum 1560.00 1560.00 27.00 27.00 10.00 10.00
Minim,,m 0.00 1.00 0.00 1.00 0.00 1.00
Mean 15.79 40.45 0.60 3.63 0.30 2.00
Median 0.00 19.00 0.00 3.00 0.00 2.00
Mode 0.00 7.00 0.00 1.00 0.00 1.00
S. Dev. 42.44 60.31 1.92 3.41 0.84 1.37
Total hr. 9868 3832 9868 1625 9868 1320
07o of hr. 100 38.8 100 16.5 100 13.4
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Figure 5. Hourly icing intensity for icing hours on both mountains in proportional
Rosemount deicing cycles per hour.

pass consecutively over one mountain and then the acceptable maximum number of dry hours within
other. However, correlations with I- to 6-hour lag a storm. For example, he suggested that warm-
times between the two mountains produced insig- season convective rainstorms may have I- to 2-
nificant changes. The correlations provide few hour imbedded dry periods, whereas cold-season
clues to causative mechanisms. cyclonic and frontal storms may have up to 3-hour

Chi-square tests confirmed that the hourly icing dry periods. Thorp did not base his dry period
rates on the two mountains are significantly dif- lengths on statistical analyses but instead chose
ferent. The statistics support subjective observa- logical, meteorologically reasonable lengths. He
tions that icing on Mount Washington is far more also demonstrated the effect of varying interstorm
severe than on Mount Mansfield. period lengths on storm parameters. Unlike pre-

cipitation, mountaintop icing may result from
Analysis of event icing either storms or orographically induced fair-

Consecutive hours of ice accretion constitute an weather clouds. This study uses both statistical
icing event. Ice-free periods between events are in- and meteorological approaches for finding a rea-
terevent periods. An event may have gaps, or non- sonable length for the period between icing events.
accretion periods, that are part of the event. The All periods with no ice accretion for 1 hour or
maximum number of consecutive nonaccretion more on both Mount Mansfield and Mount Wash-
hours imbedded within an icing event is defined in ington were compiled into intercvent periods
this study as one hour less than the minimum in- (Table 3). Both mountains have similar interevent
terevent period in hours. The interevent period period characteristics. Minimums and modes are
length affects the frequency, length, intensity, ice identical for both mountains, and means, medians
accumulation and return period and thus the sta- and maximums are similar. For example, both
tistical climatological description of events, mountains had median interevent periods of 7-8

Interevent periods during atmospheric icing are hours, and Mount Mansfield and Mount Wash-
not addressed in the scientific literature. However, ington had mean interevent periods of about 25
Thorp (1986) has studied interstorm periods for and 19 hours, respectively. The majority of inter-
precipitation and suggested using seasonal precipi- event periods on both mountains are less than 20
tation meteorological characteristics to define the hours long (Fig. 6).
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Figure 6. Frequency of ice-free periods by length in hours.

Table 3. lnterevent periods for both mountains (in apparent in the event analysis (Table 4). Events
hours) for the same period of record. based on each of the three minimum interevent

period lengths are about twice as long and about
Mt. Mansfield 12-20 times more intense on Mount Washington

mi. Original than on Mount Mansfield. In addition, Mount
Washington calibration Recalibraed Washington events generate about 25-50 times

Maxium 29.0 41.0 24LO more proportional Rosemount deicing cycles, sug-
Minimum 1.0 1.0 1.0 gesting that up to 25-50 times more ice may ac-
Mean 19.2 24.5 25.5 crete per event on Mount Washington than on
Median 7.0 7.0 8.0 Mount Mansfield. Other than for interevent peri-
Mode 1.0 1.0 1.0 od lengths, which are similar, the high chi-square
S. Dev. 34.51 39.71 45.0 statistics and low probabilities in Table 5 indicate
Total periods 276 266 222 that the two mountains are most different with re-

gard to event length, event intensity and deicing
i cycles per event. Both mountains are frequented

Event characteristics are a function of the mini- by short events and interevent periods with gener-
mum length of the interevent period separating ally little ice accretion per event (Fig. 7-9). But, as

]them. Minimum interevent period lengths are a indicated in the hourly analysis, most Mount

function of factors that tend to prevent clouds and Mansfield events are of low intensity, whereas
icing, such as anticyclones. Winter anticyclones Mount Washington experiences a far broader
often linger over the Northeast for periods be- range of intensities (Fig. 10).
tween the median and mean interevent period Burhoe (1948) made similar observations of
lengths of both mountains. Therefore, the me- Mount Washington icing events for 14 months
dian, mean and minimum interevent times were from January 1945 through January 1947. Using a
used to define events in this study. 3- to 6-hour interevent period, he found that 14.6

As minimum interevent period lengths increase icing events occurred each month on the average,
from one hour through the median and the mean with mean and median lengths of 14.1 and 9.0
on each mountain, mean event lengths and Rose- hours and a maximum length of 75 hours. For the
mount proportional deicing cycles per event in- same interevent periods the data for 1983-1986
crease about 4-6 times (Table 4). Mean event icing show an average of 15.1 icing events each month,
intensities on each mountain remain nearly con- with mean and median lengths of 20.5 and 13.5
stant at approximately 12 proportional deicing cy- hours and a maximum length of 171 hours, The
cle, per hour on Mount Mansfield and 23-30 pro- difference, may be due to the technique, used to
portional deicing cycles per hour on Mount Wash- measure ice events in the two studies-visual ob-
ington. servations in the 1940s and Rosemount ice detec-

The more intense icing environment on Mount tors in this study-or differences in icing climatol-
Washington indicated in the hourly analysis is also ogy in the two p eriods.
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Table 4. Icing event and Interevent comparisons by interevent
length (in hours) for the same period of record on both moun-
tains.

Max. Min. Mean Median S. Dev. N

MT. WASHINGTON

One-hour interevent

Event length 101.0 1.0 12.2 8.0 13.30 273
Event cycles 11758.0 1.0 483.2 98.0 1011.91 273
Event intensity 170.4 1.0 23.4 12.5 28.53 273
Interevent length 239.0 1.0 19.2 7.0 34.51 276

Median interevent

Event length 171.0 1.0 25.2 18.0 28.41 134
Event cycles 11807.0 1.0 947.7 493.5 1513.32 134
Event intensity 170.4 0.4 30.1 19.4 31.57 134
Interevent length 239.0 7.0 35.9 21.0 42.48 139

Mean interevent

Event length 217.0 1.0 47.7 35.0 43.01 71
Event cycles 11807.0 1.0 1502.4 964.0 1944.42 71
Event intensity 137.60 0.7 30.4 21.3 26.76 71
Interevent length 239.00 19.0 55.9 39.0 48.61 77

MT. MANSFIELD (ORIGINAL CALIBRATION)

One-hour Interevent

Event length 56.0 1.0 5.2 2.0 7.46 280
Event cycles 343.0 1.0 18.8 2.0 42.06 280
Event intensity 10.3 1.0 2.1 1.0 1.66 280
Interevent length 241.0 1.0 24.5 7.0 39.71 266

Median interevent

Event length 91.0 1.0 11.8 8.0 13.76 142
Event cycles 346.0 1.0 35.9 13.5 59.14 142
Event intensity 10.0 0.3 2.3 1.8 1.85 142
Interevent length 241.0 7.0 46.0 30.0 46.55 135

Mean Interevent

Event length 140.0 1.0 26.4 19.0 26.35 77
Event cycles 347.0 1.0 60.6 33.0 76.35 77
Event intensity 10.0 0.1 2.4 1.8 2.02 77
Interevent length 241.0 25.0 71.4 52.5 48.54 76

MT. MANSFIELD (RECALIBRATED)

One-hour interevent

Event length 48.0 1.0 5.2 2.0 5.32 232
Event cycles 145.0 1.0 10.1 3.0 18.27 232
Event intensity 4.3 1.0 1.4 1.0 0.66 232
Interevent length 241.0 1.0 25.5 8.0 45.05 222

Median iterevent

Event length 59.0 1.0 10.9 7.0 12.36 122
Event cycles 152.0 1.0 18.5 9.0 26.40 122
Event intensity 4.3 0.3 1.5 1.3 0.74 122
Interevent length 241.0 8.0 53.5 33.5 51.64 114

Mean Interevent

Event length 120.0 1.0 22.2 16.0 22.84 74
Event cycles 152.0 1.0 28.6 15.5 33.65 74
Event intensity 4.3 0.1 1.4 1.2 0.89 74
Interevent length 241.0 26.0 78.0 60.5 52.68 70
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Table 5. Icing event and interevent independency by interevent length (hours) for same record
period on both mountains.

Original calibration Recalibrated

Number of events Number of event.

Chi Mt. Mr. Chi M1. M.

square Sig. Mansfield Washington square Sig. Mansfield Washington

One-hour interevent

Event length 61.78 0.000 280 273 48.61 0.000 232 273
Event cycles 155.66 0.000 280 273 155.70 0.000 232 273

Event intensity 233.99 0.000 280 273 245.33 0.000 232 273

Interevent length 0.70 0.403 266 276 0.74 0.388 222 276

Median intereveno

Event length 25.71 0.000 142 134 27.83 0.000 122 134

Event cycles 91.18 0.000 142 134 99.15 0.000 122 134

Event intensity 130.01 0.000 142 134 138.58 0.000 122 134

Interevent length 5.23 0.000 135 139 13.50 0.000 114 139

Mean interevent

Event length 14.08 0.000 77 71 21.74 0.000 74 71

Event cycles 73.70 0.000 77 71 81.31 0.000 74 71

Event intensity 84.14 0.000 77 71 91.44 0.000 74 71

Interevent length 11.83 0.000 76 77 14.93 0.000 70 7
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Events defined by a minimum interevent period normal. In Figures 1 Ia and c, correlations be-
length equal to the median on each mountain re- tween event length and the number of propor-
veal several relationships between event length, tional Rosemount deicing cycles per event (ice ac-
event mean intensity and total ice accumulation cumulation) are remarkably similar for the two
per event (total proportional Rosemount deicing mountains.The strong relationships (r = 0.90 to
cycles per event). All of the relationships are log- 0.94) between the common logarithm of both
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event length and ice accumulation suggest that the intense icing rates than long events. Finally, Fig-
latter is largely a function of time. Figures 12a-c ures 13a-c show that .vents with greater ice ac-
indicate that the relationships between the corn- cumulations are also generally events with greater
mon logarithms of event intensity and event length icing intensities (r = 0.63 to 0.91). This suggests
are relatively weak on both mountains (r = 0.33 greater danger to structures because storms with
to 0.64). Short events generally experience less- the largest accumulations of ice may accrete at
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rates faster than ice alleviation methods can tol- the frequency with which an event of a given mag-
erate. nitude should recur in a period. Though there are

several methods of computing return probabili-
Return Intervals and probabilities ties, one of the most common is used here (Gum-

As with floods, droughts and extremes of tern- bel 1958):
perature, return periods or probabilities may be
computed for icing events. Return periods indicate P = m/(n + 1) (2)
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where P = probability of event occurrence on Mount Mansfield and 47 proportional deicing
m = rank of event of given magnitude cycles per hour on Mount Washington are exceed-
n = number of events. ed only 10% of the time. In addition, return plots

The plots presented here for hourly icing intensi- for icing hours alone (Fig. 15) indicate that mean
ties and events use a minimum interevent period icing intensities of 4-8 proportional deicing cycles
equal to the median (Table 3). per hour on Mount Mansfield and 100 proportion-

Return period plots for all coincident record al cycles per hour on Mount Washington are ex-
hours (Fig. 14) show that mean icing intensities of ceeded only 10% of the time. Figures 14 and 15
more than 2 proportional deicing cycles per hour also show that the probabilities are equivalent to
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Figure 14. Return probabilities for hourly icing intensity in
propo, tonal Rosemount deicing cycles per hour for any
given hour of coincident record period.
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Figure 15. Return probabilities for hourly icing intensity in
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of icing of coincident record period.
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Figure 17. Return probabilities for event ice accretion
amounts in proportional Rosemount deicing cycles per
event based on the median minimum interevent period.

return periods: the above intensities are exceeded more. Finally, half of all interevent periods are
once every 10 hours on the average, more than 30 hours long on Mount Mansfield and

Figures 16-19 show return periods and proba- 21 hours long on Mount Washington (Fig. 19).
bilities for event characteristics. Half of all Mount The chances that extreme events not yet experi-
Mansfield icing events are more than 7 hours long, enced may occur can be predicted by extrapolat-
produce more than 9-14 proportional deicing cy- ing. For example, Mount Mansfield did not exper-
cles, and exhibit mean intensities of 1.8 deicing cy- ience an event longer than 91 hours. However, if
cles per hour or more (Fig. 16-18). In contrast, the return period plot is extrapolated along the
half of all Mount Washington events are more dashed line in Figure 16, Mount Mansfield could

than 18 hours long, produce more than 494 pro- experience an event about 130 hours long every
portional deicing cycles, and exhibit mean intensi- 1000 events.
ties of 19 proportional deicing cycles per hour or
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Ice accretion tector calibration discussion. The mean mass per
Potential ice mass and thickness that could ac- proportional deicing cycle v .,s 0.037 g/cm', which

crete per event may be computed from the product is valid only for objects with ice collection effi-
of the mean accretion per proportional deicing cy- ciencies similar to that of the ice detector probe.
cle on the ice detector probe and the number of Ice thickness was computed by dividing the ice
proportional deicing cycles per event. The mean mass by the mean ice density computed from mul-
mass accreted per proportional deicing cycle was ticylinder two over the four years of the study.
computed from 208 concurrent multicylinder and This is valid, as indicated in the calibration discus-
Rosemount ice detector measurement periods at sion, because the ice detector probe and cylinder
Mount Washington Observatory over the four- two have similar exposures, diameters, and thus
year study period and are described in the ice de- collection efficiencies. A mean ice density of 0.67
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Table 6. Ice accretion per event by return Charts, produced every 3 ho,'-', were selected for
period, hours when icing was intense t,4,OAA 1982-1986).

Intense icing was de. ined as occurring when hour-
Return ly measured Rosemount deicing cycle rates were

probability Accretion Thickness No. of greater than one standard deviation above the
(%) (kg/rn') (mam) cycles mean. Proportional deicing cycles were not used

Mt. Washington in selecting the weather maps, and Mount Mans-
field maps were selected using the original calibra-

I 381.0 568.7 10243 tion cycles.
5 139.8 208.7 3759

10 90.9 135.7 2444 To provide a large sample, all hours of record
25 45.2 67.5 1222 were analyzed, not just the coincident hours of
50 18.3 27.3 494 record for the two mountains. This yielded 154
75 1.6 2.4 44 charts for Mount Mansfield and 270 charts for
90 0.1 0.1 1 Mount Washington. Three analyses were per-

Mt. Mans ield formed. First, positions of pressure systems and
fronts nearest to Mount Mansfield and Mount

Original calibration Washington were plotted to reveal patterns. Sec-

1 12.3 18.4 333 ond, five synoptic types were identified by their
5 5.5 8.2 149 frequency during intense icing. Third, paths of

10 3.8 5.7 103
25 1.5 2.2 40 three major ice-producing storms were plotted and
50 0.5 0.7 13 the sequence of events in each discussed.
75 0.1 0.1 3
90 0.0 0.0 i Pattern analysis

Recalibrated Figure 20 shows that lows are clustered, with

5.4 8.1 147 foci approximately 400-450 km east of both

5 2.4 3.6 66 mountains durin&, intense icing. Though clustering
10 2.0 3.0 53 is less evident with the Mount Washington storms,
25 0.8 1.2 21 the patterns suggest that icing is most intense when
50 0.3 0.4 9 lows are clustered offshore just south of Nova
75 0.1 0.1 3Scotia. Mount Washington Observatory (1950) re-
90 0.0 0.01 ported that icing was most probable and heaviest

when cyclone centers were 480-640 km north or

g/cm' was computed for the 208 concurrent multi- northeast of the mountain in an area extending
cylinder-ice detector measurement periods. The from the Gulf of Maine to the Nova Scotia coast.
potential ice mass and thickness by event are ex- Figure 21 shows that anticyclone patterns are
pressed by return probability in Table 6. less distinct. During intense icing, highs are rarely

Table 6 indicates that 50076 of all Mount Wash- found to the southeast; most are located more
ington events accrete more than 18.3 g/cm2 of ice than 450 km to the southwest or northwest. Highs
and produce ice thicknesses greater than 27.3 cm. to the west advect cold, dry continental air into re-
Mount Mansfield events accrete much less ice, sidual maritime air from lows retreating over the
with 500o of all events accreting more than 0.3-0.5 North Atlantic, producing rime. Highs are less
g/cm of ice depending upon detector calibration, frequent to the southeast because they advect
with thicknesses of 0.4-0.7 cm. At 500o probabili- warmer maritime air into New England from that
ty, Mount Washington accretes about 37-61 times location. When it is cold enough, though, souther-

more ice than Mount Mansfield. ly winds can produce Jense and destructive hard
rime or clear ice.

Cold front patterns reflect the cyclone patterns

SYNOPTIC CLIMATOLOGY OF ICING (Fig. 22). Though quite scattered, they do cluster
to the east of the mountains and reinforce the con-

A graphic analysis similar to that described by cept that cold continental air following the cold

Muller (Muller 1977, Muller and Jackson 1985) front is underrunning moist air wrapping around

was used to identify synoptic weather conditions the cyclone to the north to produce high liquid

during intense icing on Mount Mansfield and water contents and ice.
Mount Washington. North American Surface As with cold fronts, warm fronts cluster to the
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Figure 20. Nearest lows during intense icing.
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Figure 21. Nearest highs during intense icing.
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a. Mount Mansfield. b. Mount Washington.
Figure 22. Nearest cold fronts during intense icing. Dashed lines denote frontolysis.

east of the mountains when icing is intense (Fig. Synoptic weather types
23). Though warm fronts are less likely to produce This analysis suggests that distinct synoptic
rime, their common location eastward of cyclones weather regimes, patterns or types can be identi-
indicates that warm, moist air is being advected in- fied as producing rime. All 424 surface charts were
to the storm and above the colder continental air sorted into five weather types (Table 7). These
following the storm. Warm fronts to the west and weather types, though sometimes merging from
southwest, and some from the southeast, do occa- one to another within a single storm passage,
sionally produce heavy rime and can produce high create different wind, humidity and temperature
ice densit:es. According to Boucher (1950), some conditions at the mountaintops and therefore dif-
of the highest liquid water contents measured in ferent ice types or intensities or both.
clouds during icing at Mount Washington oc-
curred when warm fronts extended along the Post Cold Front (PCF)
coast. Cold fronts are responsible for about 52076 of all

Occluded fronts produce a pattern similar to intense icing in the Green Mountains and White
that of lows because of their location near cyclone Mountains (Tables 7, 8). The cold front is always
cores (Fig. 24). Stationary fronts, however, pro- found within a few hundred kilometers to the east,
duce almost random patterns during intense icing and a cyclone ! usually located to the northeast or
events, an artifact of that type of front and not of north (Fig. 26). A high is usually located to the
its ability to create rime (Fig. 25). Since those west, southwest or northwest, advecting cold, dry
fronts are stationary, significant amounts of mois- continental air into New England. Wind directions
ture can be advected into their neighborhood. during icing are west to northwest. In an analysis
Their potential to generate mountaintop ice of three years of data, Whipple (1948) found cold
should not be discounted simply because a coher- fronts and continental polar air associated with ic-
ent pattern is not evident. ing about two thirds of the time on Mount Wash-

ington.
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Figure 23. Nearest warm fronts during intense icing. Dashed tines denote frontolysis.

a. Mount Mansfield.. b. Mount Washington.

Figure 24. Nearest occluded fronts during intense icing. Dashed lines denote frontolysis.
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a. Mount Mansfield. b. Mount Washington.

Figuro 25. Nearest stationary fronts during inlense icing. Dashed lines denote frontolysis.

Table 7. Synoptic weather types producing severe icing.

Mt. Mt.
Mansfield Washington Total

N % N % N %

Post cold front 89 57.8 130 48.2 219 51.6
Warm front to south 35 22.8 56 20.7 91 21.5
Multiple fronts 12 7.8 41 15.2 53 12.5

or cyclones
Cold front to west 9 5.8 27 10.0 36 8.5
Miscellaneous 9 5.8 16 5.9 25 5.9

Total 154 100.0 270 100.0 424 100.0

Table 8. Surface weather means by synoptic type as measured at Mount Wash-
ington Observatory.

Rosemount
proportional Wind Wind

deicing Temperature Precipitation speed direction
(cycles/hr) ( 0C) (Mm) (m/s) (° azimuth)

Post cold front 123.3 -10.9 0.7 29.1 281.1
Warm front to south 112.4 - 6.9 2.3 26.8 198.4
Multiple fronts 113.8 - 9.7 0.5 25.0 268.0

or cyclones
Cold front to west 106.8 - 8.8 0.6 27.3 260.9
Miscellaneous 121.6 -11.1 0.7 27.0 284.4
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Figure 26. Post cold front (PCF) synoptic Figure 27. Warm front to south (WFS)
type. synoptic type.

Warm Front to South (WFS)

10-0

Prduin 22°24 o fthinseiigoMon

with the warm front within a few hundred kilome-
H I ters to the south and a cold or occluded front im-

\ mediately to the west (Fig. 27). Whipple (1948) at-
'x' tributed MOunt washingtOn icing tO warm frOnts

and maritime polar air preceding warm fronts
about 18 of the time.

Multiple Fronts or Cyclones (MFC)

About 13 o7 of all icing events on the two moun-
tains are produced by multiple cyclone centers or

~fronts in close succession (Tables 7, 8). One low is
usually located offshore, and the second is fre-
quently approaching the St. Lawrence Valley (Fig.
28). The closeness of weather-producing elements

, lengthens the icing period and complicates fore-

casting. Winds are usually westerly, and tempera-
S tures are low. The length of the storm, combined

with two cyclones, produces large ice accumula-

Figure 28. Multiple front or cyclone

(MFC)synotic ype.The cold front to west, or warm-sector synoptic
type, is typified by a cold front within a few hun-
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The results were mixed and suggest that, as ex-

0 8 2. pressed at ground level, several of the synoptic
2 20 conditions are statistically similar. The generally

20 ? , low chi-square values for deicing cycles, wind
24 2---- speed and precipitation indicate that they are simi-

lar from storm to storm. Notable exceptions are
between the WFS and the PCF and MFC types

36 with respect to precipitation. Storm type is dis-
criminated most successfully by air temperature
and wind direction. Their higher chi-square values

H j suggest that the visual classifications are indepen-
dent with respect to these variables, which are
often also excellent frontal p&,s!agc ;iidicators.

Overall, the MFC and CFW storm types are
most similar statistically. Though this suggests the
two storm types should be combined, they were
left separate because the MFC type generates long
and potentially more dangerous icing events.

H

Storm track analysis
Four sets of maps illustrate the sequence of

events in major ice-producing storms and indicate
Figure 29. Cold front to west (CF W) or how one synoptic weather type merges into an-
warm sector synoptic type. other within a single storm. These storms pro-

duced hourly icing intensities greater than one
dred kilometers to the west with a warm front usu- standard deviation above the mean for most of the

ally to the north (Fig. 29). No cold front is within sequences.
hundreds of kilometers to the east. Occurring only
about 9% of the time, winds are west-southwest, 12-13 November 1983, Mount Mansfield
and it is the second warmest of the storm types This was a classic cold-front-type ice storm
(Tables 7, 8). A high over the Atlantic Ocean typi- (PCF) (Fig. 30). Intense icing, greater than four
cally advects moist air into the region along its proportional Rosemount deicing cycles per hour,
western limb. Icing occurs within the maritime air began when the low-pressure center passed north-
in the warm sector of the storm. Whipple (1948) east of the mountain. Intense icing continued as
detected icing 8.2% of the time on Mount Wash- the center moved north-northeast, pulling mois-
ington during these conditions. ture inland from th,. North Atlantic. Cold contin-

ental air from a high to the west chilled the mois-
Miscellaneous (MSC) ture-laden oceanic air, producing clouds and ice in

No coherent pattern characterizes these systems the northwesterly winds. Icing rates finally de-
responsible for about 60o of all intense ice events, creased as the low and its moisture moved far
They are, however, the coldest of all five storm north and the encroaching high provided stability
types and exhibit northwesterly winds, and clearing.

Synoptic type classification analysis 5-6 May 1984, Mount Washington
Since the five synoptic types were grcuped sub- This May sequence also began as a classic post

jectively, a statistical analysis was petformed to cold front (PCF) situation but with a high-pres-
determine if they were significantly different from sure cell located far to the southwest (Fig. 31). Air
one another with respect to meteorological varia- temperatures were near -7'C, and icing rates were
bles measured at the ground surface. Rosemount greater than 120 proportional cycles per hour
deicing cycles and air temperature, wind speed and from 1500 GMT on 5 May to 0000 GMT the fol-
the trigonometric components of wind direction lowing day. Winds were northwesterly for the en-
measured at Mount Washington Observatory were tire sequence. As the storm center moved north-
compared for each storm type using chi-square northeast and high pressure moved northward in-
statistics (Table 9). to New England from 0900 to 1200 GMT on 6
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Table 9. Synoptic type independence by surface weather variable.

MSC CFW WFS MFC
Chi Chi Chi Chi

square Sig. square Sig. square Sig. square Sig.

PCF
Cycles 0.01 0.93 2.33 0.13 1.06 0.30 1.03 0.31
Air temp 0.02 0.89 3.23 0.07 35.51 0.00 3.42 0.06
Precip 0.00 0.99 0.87 0.35 13.95 0.00 0.13 0.72
Wind speed 2.77 0.10 1.55 0.21 4.03 0.04 10.00 0.00
Sin WD 1.24 0.27 0.13 0.71 43.31 0.00 2.22 0.14
Cos WD 0.08 0.78 16.54 0.00 27.41 0.00 10.03 0.00

MFC
Cycles 0.38 0.54 0.28 0.60 0.01 0.94
Air temp 1.67 0.20 0.00 0.99 17.50 0.00
Precip 0.04 0.84 1.31 0.25 10.29 0.00
Wind speed 0.23 0.63 2.24 0.13 1.47 0.23
Sin WD 3.86 0.05 0.53 0.47 28.87 0.00
Cos WD 4.74 0.03 2.63 0.10 3.86 0.05

WFS
Cycles 0.39 0.53 0.40 0.53
Air temp 10.57 0.00 4 73 0.03
Precip 4.69 0.03 3.56 0.06
Wind speed 0.19 0.66 0.08 0.77
Sin WD 8.13 0.00 18.11 0.00
Cos WD 7.73 0.01 0.26 0.61

CFW
Cycles 1.20 1.27 Synoptic types:
Air temp 1.56 0.21 PCF-Post cold front with high to west.
Precip 0.31 0.58 MFC-Mountain between two cold fronts or lows.
Wind speed 0.36 0.55 WFS-Warm front to south.
Sin WD 1.15 0.28 CFW-Cold front to west, warm front usually to north.
Cos WD 7.56 0.01 MSC-Does not fit into other categories.

All storm types combined Sfc variables.
Cycles 3.32 0.51 Cycles-Rosemount cycles for previous hour.
Air temp 39.59 0.00 Air temp-Air temperature at time of map.
Precip 16.57 0.00 Precip-Precipitation for previous hour.
Wind speed 12.80 0.01 Wind speed-Wind speed at time of map.
Sin WD 58.21 0.00 Sin WD-Sine of wind direction at time of map.
Cos WD 40.44 0.00 Cos WD-Cosine of wind direction at time of map.

May, icing rates dropped rapidly to below 67 pro- warm front to the south (WFS) synoptic type (Fig.
portional icing cycles per hour with the loss of oce- 32). Winds were southerly, and temperatures rose
anic moisture and intrusion of the stabilizing high. to about -2°C at 0000 GMT on 14 April. The cy-
in addition, a warm front following on the west- clone center was located to the northwest, with an
ern side of the high advected sufficiently warm air occluded front west of the mountain. From 0300
over the mountain to stop icing. Maximum tem- to 0600 GMT or, 14 April the occlusion passed
peratures at the observatory rose to 60C on 7 May over the peak, icing intensity increased to over 360
when the warm front reached New Hampshire. proportional deicing cycles per hour, winds veered
Peak icing rates, from 1500 to 2100 GMT on the to the west, and temperatures decreased to -9'C.
5th, occurred during the highest wind speeds. Passage of the occluded front and a trailing

trough changed the synoptic situation to a post

13-14 April 1982, Mount Washington cold (occluded) front (PCF) type. After 1500
This April sequence began with Mount Wash- GMT on the 14th the storm center had moved far

ington embedded within the cloud shield of a to the northeast, and the stabilizing effect of the
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a. Date: 12 Nov 83; Time: 0600 GMT b. Date: 12 Nov 83; Time: 1200 GMT

Proportional Rosemount deicing cycles/ Proportional Rosemount deicing cycles/
hour." 10. hour: 7.

c. Date: 12 Nov 83; Time: 1800 GMT d. Date: 13 Nov 83; Time: 0000 GMT
Proportional Rosemount deicing cycles! Proportional Rosemount deicing cycles!
hour: 6. hour." 12.

Figure 30. Storm sequence of 12-13 November 1983 on Mount Mansfield, a classic
post cold front (PCF) type.
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, " "orates increased during this time to well over 120
12 proportional deicing cycles per hour.

By 0000 to 0600 GMT on the 25th another fron-
tal system approached from the west closely foi-
lowing the coastal storm and merging cloud
shields. Maximum temperatures dropped to -9°C
on the 25th, and the ice type changed from smooth
and milky hard rime to soft rime.

Finally, icing rates dropped below 67 propor-
tional cycles per hour after 0000 GMT on the 26th
as the second cold front passed and the low had

00" traveled over 900 km to the northeast, decreasing
the moisture supply. A high-pressure cell over
Canada was also beginning to influence the area

0 - by this time with its dry, stable continental polar
air.

16 /CONCLUSIONS

Atmospheric icing is common at higher eleva-

e. Date: 13 Nov 83; Time: 0600 GMT tions in the Green Mountains and the White

Proportional Rosemount deicing cycles! Mountains. The 578-m difference in elevation be-

hour. 7. tween Mount Mansfield and Mount Washington is
certainly one cause of more frequent and intense

Figure 30 (cont'd). Storm sequence of12- icing on Mount Washington. Other factors en-
13 November 1983 on Mount Mansfield, hancing Mount Washington activity may be oro-
13 Nlassiove 1983 fonMt Mansfpel, graphic prominence and proximity to fall and ear-
a classic post cold front (PCF) type. ly winter Atlantic coastal storms. Though correla-

tions of icing events on the two mountains do not
show a strong relationship and suggest that differ-

encroaching high began to exert its influence, re- ent factors may be enhancing icing rates on the
ducing icing rates. two peaks, synoptic analyses imply otherwise and

show remarkable consistency.
24-26 January 1983, Mount Washington Despite the simplicity of the synoptic analyses,

This is a complex sequence. Icing began with a several patterns were identified with heavy moun-
warm front to the south (WFS) synoptic type that tain icing and are quite consistent for the two
evolved to a post cold front (PCF) type and even- mountains. Most heavy icing occurs during or im-
tually became a multiple front and cyclone system mediately after cold front passages. Icing is most
(MFC) (though the first cold front never passed intense when lows are located about 450 km di-
over the mountain) (Fig. 33). The icing rates were rectly to the east-northeast. Highs are usually lo-
greater than 40 proportional deicing cycles per cated to the west at this time, usually no closer
hour before 0600 GMT on the 24th, then dropped than about 450 km. Closer highs tend to suppress
as warmer air reached the mountain, wind speeds activity, especially because of the extreme stability
decreased, and the low was closest and directly to found in cold, dry air plunging toward the equator
the east. The air temperature rose to 0°C at 0900 on their leading southeastern sides.
GMT, winds were southerly, and icing rates
dropped to three proportional deicing cycles per
hour. Winds became westerly by 1200 GMT. By LITERATURE CITED
1800 GMT on the 24th the low had moved about
600 km to the northeast, a cold front trailed to the Bennett, I. (1959) Glaze: Its meteorology and cli-
south and east of Mount Washington, winds were matology, geographical distribution, and eco-
westerly, and colder air was advected in from the nomic effects. Natick: Quartermaster Research
west ahead of the high to the southwest. The icing Engineering Command Technical Report EP-105.
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a. Date: 5 May 84; Time. 1200 GMT b. Date: 5 May 84; Time: 1500 GMT

Proportional Rosemount deicing cycles/hr 67 Proportional Rosemount deicing cycles/hr 360

Temperature: - 7.8 'C Temperature: -7.8 'C

Wind direction: Northwest Wind direction: Northwest

Wind speed: 20.6 m/s Wind speed: 30.8 m/s

c. Date: S May 84; Time: 2100 GMT d. Date: 6 May 84; Time: 0000 GMT
Proportional Rosemount deicing cycls/hr: 280 ProportionaRosemount deicing cycles/ir:" /89

Temperature: -6. 7 C Temperature: -6.2 'C

Wind direction: Northwest Wind direction: Northwest

Wind speed: 32.2 rn/s Wind speed. 28.6 ms

Figure 3). Storm sequence of 5-6 May 1984 on Mount Washington, a classic post cold

front (PCF) type.
29
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e. Date: 6 May 84; Time: 0900 GMT f. Date: 6 May 84; Time: 1200 GMT
Proportional Rosemount deicing cycles/hr: 54 Proportional Rosemount deicing cycles/h-: 74Temperature. -5.0°C Temperature. -3.4C
Wind direction: Northwest Wind direction." North west
Wind speed." 25.5 rn/s Wind speed: 27.3 rn/s

Figure 31 (con t'd). Storm sequence of 5-6 May 1984 on Mount Washington, a classic post
cold front (PCF) type.
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a. Date: 13 April 84; Time: 2100 GMT b. Date: 14 April 84; Time: 0000 GMT
Proportional Rosemount deicing cycles/hr: 83 Proportional Rosemount deicing cycles/hr: 67
Temperature: -5.6 °C Temperature: - 1.1 °C
Wind direction: South Wind direction: Southwest
Wind speed: 18.3 m/s Wind speed: 34.9 m/s
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c. Date: 14 April 84; Time: 0300 GMT d. Date: 14 April 84; Time: 0600 GMT
Proportional Rosemount deicing cycles/hr: 160 Proportional Rosemount deicing cycles/hr: 360
Temperature: -4.5 C Temperature: -9.0 °C
Wind direction: West Wind direction: West
Wind speed: 39.7 m/s Wind speed: 43.4 m/s

Figure 32. Storm sequence of 13-14 April 1982 on Mount Washington, a warm front to
south (WFS) type evolving to a post cold front (PCF) type.
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e. Date: 14 April 84; Time." 0900 GMT f. Date:" 14 April 84; Time." 1500 GMT
Proportional Rosemount deicing cycles/hr: 280 Proportional Rosemount deicing cycles/hr: 360
Temperature: - 10. 6 °C Temperature: -11.2 °C
Wind direction: West Wind direction. West
Wind speed. 42.5 rn/s Wind speed: 38.0 rn/s

Figure 32 (con t'd). Storm sequence of 13-1 4 April 1982 on Mount Washington, a warm
front to south (WFS) type evolving to a post cold front (PCF) type.
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a. Date: 24 January 832 Time: 0000 GMT b. Date: 24 January 83; Time: 0600 GMT

Proportional Rosemount deicing cvcles/hr: 105 Proportional Rosemount deicing cycles/hr 13
Temperature: -3.4 °C Temperature -1.] °C
Wind direction: Southeast Wind Jirection: South
Wind speed: 26.4 in/s Wind speed. 17.0 m/s

208

X2

c. Date: 24 January 83; Time: 0900 GMT d. Date: 24 January 83; Time: 1200 GMT
Proportional Rosemount deicing cycles/hr: 3 Proportional Rosemount deicing cycles/hr: 6
Temperature: -0.0C Temperature: - .1 °C
Wind direction: Southwest Wind direction: West
Wind speed: 11.2 m/s Wind speed: 12.5 m/s

Figure 33. Storm sequence of 24-26 January 1983 on Mount Washington, a complex mul-
tiple front or cyclone (MFC) type.
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e. Date 24 January 83; Time: 0600 GMT . Date: 25 January 83; Time. 100 GMT
Proportional R osemount deicing cyctesihr: 138 Proportional R osemount deicing cycles/hr: 60
Temperature: -9.5 8C Temperature: -9.0 °C
Wind direction: West Wind direction: West
Wind speed 26.4 rn/s Wind speed. 2.6 r/s

344
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e. Date: 24 January 83; Time: 1800 GMT h.Date: 25 January 83; Time: 0000 GMT
Proportional R osemount deicing cycles/hr: 120 Proportional Rosemount deicing cycles/hr: 360
Temperature." -7.58°C Temperature: -9.0°C
Wind direction: West Wind direction: West
Wind speed: 22.4 m/s Wind speed: 29.9 ms
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ERRATA

Page 9-Column 1, paragraph 2, first sentence:
"...about 4-6 times..." should read
"...about 3-5 times..."

Page 9-column 1, paragraph 2, second sentence:
"...approximately 12 proportional deicing cycles per hour..." should read
"...approximately 1-2 proportional deicing cycles per hour..."

Page 19---column 2, paragraph 2, last sentence:
"...paths of three major ice-producing storms..." should read
"...paths of four major ice-producing storms..."


